The relationship between thiamine transport and a membrane-associated thiamine-binding activity has been investigated in Lactobacillus casei. Thiamine transport proceeds via a system whose general properties are typical of active uptake processes; entry of the vitamin into the cells requires energy, is temperature dependent, exhibits saturation kinetics, and is inhibited by substrate analogs. A considerable concentration gradient of unchanged thiamine can be achieved by the system, although the vitamin is slowly metabolized to thiamine pyrophosphate. Consistent with these results, L. casei also contains a high-affinity, thiamine-binding component which could be measured by incubation of intact cells with labeled substrate at 4°C (conditions under which transport is negligible). Binding was insensitive to iodoacetate, occurred at a level (0.5 nmol per 1010 cells) nearly 20-fold higher than could be accounted for by facilitated diffusion, and was found to reside in a component of the cell membrane. Participation of this binder in thiamine transport is supported by the observations that the processes of binding and transport showed similarities in their (i) regulation by the concentration of thiamine in the growth medium, (ii) binding affinities for thiamine, and (iii) susceptibility to inhibition by thiamine analogs.
Cells of Lactobacillus casei contain a highly efficient transport system for the accumulation of the vitamin folic acid and various folate compounds (1, 4, 8, 19, 20) . In conjunction with this transport capacity, the cells also have the ability to bind folate. The component responsible for this binding could be detected as uptake of the vitamin at 40C and was shown to reside in the cell membrane (5, 6) . When membrane preparations were treated with the nonionic detergent Triton X-100 in the presence of labeled folate, the bound folate was released from the particulate fraction and was recovered stoichiometrically in a water-soluble form (5, 6) . The extracted binding component was then purified to homogeneity (6, 7) and shown to be an unusually hydrophobic protein (Mr 25,000) that could bind large amounts of Triton X-100 (8.5 g/g of protein). The participation of this purified binding protein in the folate transport system of intact cells has been established by several criteria (5) (6) (7) (8) . 1976), we demonstrated that L. casei cells have the ability to transport several other B-vitamins, including thiamine. When examined in more detail, the thiamine transport system of L. casei was found to be similar in many respects to the thiamine uptake systems in both L. fermentii (14) (15) (16) (17) and Escherichia coli (9, 10, 18) . L. casei also contains considerable amounts of a thiamine-binding activity which can be detected by the same procedure (5) employed to measure folate binding by these cells. The general properties of this thiamine binder and its relationship to thiamine transport are described in the present communication. MATERIALS ) and resuspended at 40C in 20 ml of phosphate buffer. CeU sampls (0.9 ml) and 0.1 ml of either buffer alone or buffer containing I mM unlabekd thiamine were combined and incubated again at 370C. At the indicated times, sampes were removed and centrifuged as above, and radioactivity associated with the ceUpellets was determined.
with unlabeled vitamin, radioactivity was released in somewhat higher amounts (57% after 30 min) and at a more rapid initial rate. Addition of thiamine pyrophosphate (100 ,uM) to samples already containing unlabeled thiamine (100 IM) did not increase the rate or extent of release of the labeled material.
Analysis of bound and transported material. When analyzed by thin-layer chromatography (Fig. 3A) , the labeled material bound to cells at 40C chromatographed with an Rf value (0.62) identical to that of the thiamine standard. Extracts from celLs into which labeled vitamin was actively transported in the presence of glucose also contained primarily unchanged thiamine, although small amounts of thiamine pyrophosphate (Rf = 0.14) could be detected (Fig.  3A) . In contrast, labeled material associated with cells that had been preloaded with [14C]_ thiamine and then exposed to unlabeled vitamin for 30 min at 370C (see Fig. 2 ) consisted predominantly of thiamine pyrophosphate (Fig. 3B) . Analysis of the material released into the medium during the 30-min efflux period showed that it was mostly unchanged thiamine, although a significant amount (ca. 25%) of an for 30 min in the absence of unlabeled thiamine (see Fig. 2 ), only the unknown compound appeared in the external medium.
Regulation by thiamine in the growth medium. The ability of L. casei to bind and transport labeled thiamine was dependent upon the concentration of vitamin added to the growth medium (Fig. 4) . (Trace amounts of thiamine may be present in the vitamin-free casein hydrolysate used in the medium.) Both binding and transport were maximal in cells propagated in the presence of very small amounts of added thiamine (less than l0' M). At higher concentrations (10'-to 10-6 M), both activities were repressed coordinately. From the data in Fig. 4 , the concentrations for a 50% loss in thiamine binding and transport were calculated to be 17 and 37 nM, respectively. The loss of binding and transport activity was not due to saturation of these processes by added thiamine. Cells that had been exposed to unlabeled vitamin (1 ,uM) and glucose (5 mM) for 30 min at 37°C and then washed with 100 volumes of vitamin-free buffer retained 60% of their capacity for the uptake (transport plus binding) of [14C]thiamine. Cells grown in the presence of 1 ,uM thiamine lost greater than 90% of their ability to take up thiamine (Fig. 4) nM.
The extremely tight association of thiamine with cells was also evident from the results shown in Table 3 . When cells that had been first exposed (at 4°C) to 0.1 ,uM ['4C]thiamine were treated with unlabeled thiamine at 100 times this level, the unlabeled material was unable to displace the previously bound vitamin. Similarly, when cells were exposed in the converse experiment to a low concentration (0.1 ,uM) of unlabeled thiamine, the addition of a large excess (10 ,uM) of ['4C]thiamine did not readily replace the previously bound substrate. In contrast, when these competition experiments were performed at 37°C in cells treated with 10 mM iodoacetate to block transport, a rapid exchange occurred between bound and free thiamine regardless of the order of addition.
Inhibition of ['4C
]thiamine binding and transport by thiamine compounds. The competition of unlabeled thiamine, thiamine phosphate, and thiamine pyrophosphate with ["4C]thiamine for both binding and transport is illustrated in Table 4 . To ensure competitive conditions (compare Table 3 ), the [14C]thiamine and the unlabeled thiamine compounds were mixed before their addition to the cells. The results show that each of these compounds was a good inhibitor of the binding and transport of labeled thiamine and that the sequential addition of phosphate groups onto the vitamin gave rise to analogs with a progressively lower ability to compete with the parent compound. Moreover, as the concentrations of thiamine and its phosphorylated derivatives were varied, the binding and transport of thiamine were each inhibited to the same degree. (Table 2) , is sensitive to temperature (Fig. 1) , displays specificity (Table  4) , and follows saturation kinetics. Rapid exchange between intracellular and extracellular thiamine could also be demonstrated (compare Fig. 2 and 3) , indicating that the vitamin was not tightly bound by intracellular components and was free to recross the membrane. Intracellular thiamine was, however, slowly converted to thiamine pyrophosphate, which did not exit from the cells. A considerable concentration gradient could also be achieved by the system. When the uptake of thiamine after 10 min at 37°C was corrected for both the small amount of vitamin converted to its phosphorylated forms and the amount of vitamin bound by the cells, the ratio of the internal and external thiamine concentrations was approximately 40. In both E. coli (9) and L. fermentii (14) (15) (16) , free thiamine does not accumulate but is converted rapidly to thiamine pyrophosphate upon entry into the cell. However, mutant studies have shown that, at least in E. coli, energy can be used to achieve concentration gradients for free thiamine (10).
The energy required for thiamine transport was readily generated by the metabolism of glucose (Table 2) . Similarly, transport could be abolished when iodoacetate was used to block glycolysis. Since the cells accumulate free thiamine, the energy requirement appears to be coupled directly to the transport system and not to the subsequent metabolism of this vitamin.
In addition to the active transport process, a considerable portion (ca. 38%) of the total uptake of thiamine by L. casei is referable to the binding of the vitamin by the cells. The binding component responsible for this uptake is detected at low temperature (or at 37°C in the absence of energy production), has a high affinity for thiamine (KD < 10 nM), resides in the cell membrane, and is present in relatively large amounts (0.5 nmol per 1010 cells). This latter value exceeds by 20-fold the amount of thiamine which could be expected to be taken up by cells via facilitated (or passive) diffusion. That the energy-independent uptake of thiamine at 4°C is mediated by a species with a very high affinity for the vitamin was further indicated by experiments ( Table 3 (5, 6) , the structural properties of the purified protein (6) , and kinetics in wildtype and mutant cells of L. casei (7) have provided substantial evidence that the isolated folate binder is a component of the folate transport system. Analysis of the thiamine-binding component ofL. casei has led to a similar conclusion. Evidence supporting this viewpoint is as follows. (Table 4) . Although another means to explore this relationship would be to isolate cells defective in thiamine transport, selection of such mutants would be difficult, since a growth requirement for thiamine has not been established in L. casei (13) .
